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MinireviewSensing Stretch Is Fundamental
erties. Beyond the influence of passive stretch on activeNeal D. Epstein* and Julien S. Davis
force production, these spring-like elements help re-Molecular Physiology Section
store stretched muscle to its resting length following anLaboratory of Molecular Cardiology
active contraction. The passive spring-like forces areNHLBI, NIH
produced by intracellular molecules, such as the giantBethesda, Maryland 20892
filamentous protein titin, as well as the extracellular ma-
trix (ECM). Cardiac muscle is well known to have stiffer
passive elements than skeletal muscle. In addition toStretch induces changes in cardiomyocyte biology
the beat-to-beat effect mediated by the Starling Law,that are implicated in heart failure, but the mechanism
there is a response that operates over a longer timeby which stretch is sensed and signals are transduced
frame. This long-term response produces compensa-is unknown. New understanding of the Z disc elements
tory changes that are likely to result from muscle fiberof contractile units are beginning to elucidate the
signaling pathways. In disease, decompensatory re-mechanism of stretch sensing and its relation to car-
sponses eventually predominate, leading to progressivediac adaptation and disease.
cardiac failure. The alterations in signaling that are caus-
ative during this transition are largely unknown.
In the heart, active muscle contraction is producedSince the early 1950s, the predominant model of muscle
by membrane depolarization that stimulates Ca2 effluxcontraction has been the sliding filament theory, which
from the sarcoplasmic reticulum (SR) (see Figure 1), initiat-posits that myosin-containing thick filaments interdig-
ing discrete pulses of Ca2 transients called sparks. Theseitate with and can slide past actin-containing thin fila-
coalesce and raise Ca2 levels throughout the cytoplasmments (Huxley, 2000). This telescoping movement short-
surrounding the contractile filaments (Maier and Bers,ens the contractile units of the muscle cells and actively
2002). Contraction is switched on by the binding of Ca2produces tension. It is produced by myriads of asyn-
to the thin filament troponin-tropomyosin complex, pro-chronously moving crossbridges, the globular myosin
ducing a conformational change that enables cross-heads that extend outward from the thick filament back-
bridge formation. Calcium uptake back into the SRbone and cyclically bind to, move, and detach from the
through an ATP-dependent pump relaxes the muscle.actin thin filaments powered by the ATPase activity of
This pump (SERCA) is partially inhibited by phospholam-myosin (crossbridge cycling). Thus, at any one instant
ban (PLB), which can be reversed by cAMP-dependentin an activated muscle fiber, different myosin heads will
protein kinase (PKA)-mediated PLB phosphorylation.populate all possible states of the crossbridge cycle
The release of this inhibition is mediated by theand generate smooth and continuous tension.
-adrenergic signaling pathway, which increases theStretch, or lengthening of the muscle, has a funda-
rate of force production and relaxation under exercisingmental effect on the mechanism of active contraction.
conditions and is blunted in heart failure. It is during theWhen opposing forces are greater than the tension pro-
relaxed phase of the heart cycle that inflowing bloodduced from active contraction, the muscle is stretched
passively stretches the chambers of the heart.against resistance (eccentric contraction). In the heart,
The four-chambered vertebrate heart consists of theeccentric contraction is modulated differentially across
two proximal receiving “atria,” which conduct blood intothe ventricular wall by a spatial gradient of myosin phos-
the lower “ventricular” pumping chambers during thephorylation (Davis et al., 2001). When the active tension
diastolic filling phase. In systole, the right and left ventri-
is greater than opposing forces, the muscle shortens
cles pump blood into the pulmonary and systemic circu-
(concentric contraction). Active muscle contraction is
lations, respectively. There is a tight interaction between
thus an energy-consuming process that applies to mus- atrial and ventricular function (i.e., ventricular contrac-
cles that are either being shortened or stretched while tion is strongly influenced by diastolic chamber filling),
generating tension. Individual myosin heads are strain which leads to muscle cell (myocyte) stretch. For exam-
sensitive; that is, portions of the crossbridge cycle are ple, during inspiration the pressure in the chest cavity
slowed by stretch and accelerated by shortening of the drops, causing the thoracic veins to swell and deliver an
muscle. Heart and some skeletal muscles used for loco- increased amount of blood to the heart. The ventricular
motion are also repetitively stretched while relaxed, after response to the stretch caused by the increased blood
each active shortening. In the heart, although this pas- volume is an increased strength of contraction.
sive stretch is applied to the muscle by external forces In health, a valve system maintains unidirectional
or actively contracting opposing muscles, the stretch blood flow between the atria and ventricles and across
leaves its mark on the subsequent active shortening of the ventricular outflow tracts. Inherited or acquired car-
the stretched muscle. This effect is called the Frank- diac valvular defects can lead to either a cardiac wall
Starling Law of the Heart, a basic principle of physiology thickening (hypertrophic) or thinning (dilated) type of
that dates back to the turn of the century. cardiomyopathy. Ventricular over-stretch is part of the
Aside from properties associated with active tension disease process. Thus, obstruction of left ventricular
production, muscles also have passive spring-like prop- outflow by a narrowed aortic valve leads to hypertrophy
and subsequent excessive ventricular stretch from a
compensatory increased atrial contraction. With a leaky*Correspondence: nepstein@helix.nih.gov
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Figure 1. Architecture of the Z Disc
Cut-away perspective of a myofibril from a cardiomyocyte showing the Z disc and some proteins as labeled. The -actinin/titin spacing is as
modeled in Luther and Squire, (2002). Insert shows EM of a sarcomere. Labels are as follows: (Z), Z disc; (M), M line; (A), A Band; (I), I band;
and (SR), sarcoplasmic reticulum.
mitral valve (between the left atrium and ventricle), a hypertrophic cardiomyopathy, an inherited predisposi-
tion to increased ventricular wall thickening and corre-significant portion of the blood expelled from the ventri-
cle goes backward and does not contribute to forward sponding decrease in size of the ventricular cavity. More
recently, some of the same genes and other cytoskeletalflow. Hence, the ventricle pumps a larger volume with
each beat in order to maintain normal flow. The in- genes have been shown to cause dilated cardiomyopa-
thy (reviewed in Seidman and Seidman, 2001). The Zcreased filling results in volume overload, causing
chronic stretch of the ventricular muscle fibers. disc transmits the tension between sarcomeres and its
architecture is believed to be partly organized by uniqueMuch of cardiac architecture at the cellular level is
determined by myocytes, which contain bundled myofi- N-terminal titin Z repeats that bind -actinin (Luther and
Squire, 2002, and references therein). Recently, addi-brils with repeating series of contractile units called sar-
comeres bounded by Z discs (Figure 1). The series of tional Z disc-associated proteins have been reported,
and mutations in many of these are associated withsarcomeres are responsible for the repeating pattern of
microscopic striations. Electron-microscopic (EM) anal- disease in humans or mice. These include muscle LIM
protein (MLP), which binds to -actinin, and whose ab-ysis (Figure 1, insert) shows dense A bands alternating
with less dense I bands. The I band contains actin thin sence causes dilated cardiomyopathy (DCM) in the
mouse (Arber et al., 1997). Telethonin (T-cap), some mu-filaments from adjacent sarcomeres crosslinked by anti-
parallel homodimers of -actinin in the center at the Z tations of which cause type-2G of limb-girdle muscular
dystrophy (LGMD) in humans, binds to the first two Zdisc. A bands contain myosin thick filaments overlap-
ping with thin filaments. In the middle of the A band is repeats of titin. Cypher/Zasp, a PDZ and LIM-domain
containing protein binds to -actinin and when ablatedthe bare zone, a region devoid of myosin heads. The A
band is bisected by the M line, which serves to hold produces a congenital myopathy in the mouse. ALP also
binds to-actinin and its deletion in the mouse producesmyosin thick filaments in longitudinal and lateral regis-
ter. Titin comprises a third filament system. It spans a right ventricular dilation. Myotilin binds -actinin as
well as -filamin and two mutations are found in a formthe distance from Z disc to M line and holds myosin-
containing thick and actin-containing thin filaments in of genetically based skeletal myopathy LGMD-1A (see
Faulkner et al., 2001; Knoll et al., 2002; and referenceslongitudinal register. Human titin mutations are associ-
ated with dilated cardiomyopathy in which the ventricu- therein).
Titin contains distinct motifs with different elasticitieslar cavity enlarges as the walls stretch and become
thinner (Gerull et al., 2002). that sequentially unfold as the muscle is stretched and
which provide much of the cardiac cell’s passive tensionOver the last 10 years, mutations in many sarcomeric
protein-encoding genes have been identified as causing when it is stretched (reviewed in Granzier and Labeit,
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2002). Since this passive tension is distinct from active of titin with the thin filaments and/or its attachments to
the thick filaments.tension produced by cycling crossbridges, titin has been
considered a prime candidate for the sensing element Given the contribution of passive stretch to muscle
contraction, what is the effect of these changes in pas-of sarcomere stretch operating in the Starling Law (Ca-
zorla et al., 1999). Despite its long history and fundamen- sive tension on active contraction? The authors have
previously shown diminished calcium transients in thistal importance, the mechanism behind the Frank-Star-
ling Law remains controversial. One proposal is that mouse (Minamisawa et al., 1999). In these mice, it would
be interesting to determine the Ca2 versus active ten-a decrease in distance between the myosin and actin
filaments that occurs as a fiber is stretched increases sion relationship in skinned muscle preparations (sarco-
lemma removed). Under these experimental conditions,the likelihood of their interaction and thus increases
calcium sensitivity. Other possible causes include titin- careful kinetic measurements of active contraction
would cast additional light on the question of whethermediated changes in the packing of myosin in the thick
filament and the radial compression of thick and thin abnormal Ca2 handling is a consequence or primary
cause of heart failure. Such studies would add to thefilaments when the titin attachment between thick and
thin filaments is stretched (Moss and Fitzsimons, 2002, important findings of the authors’ previous work, in
which they show the dilated phenotype of the MLP nulland references therein).
Whatever its mechanism, the Starling Law of the Heart mouse can be rescued in the progeny of an MLP null X
PLB null cross (Minamisawa et al., 1999). Not only aresuggests that a primary stretch sensor and responder
operate on a beat-to-beat time scale. The elegant work the double knockouts disease-free, but the typical wid-
ened Z disc, a hallmark of the MLP null heart, is alsoby Chien and colleagues (Knoll et al., 2002) goes some
distance in describing a primary stretch sensor, which absent. The Ca2 transients in the double knockouts are
characterized by amplitudes that are equal to the wild-when disrupted, leads to cardiac dilation and failure.
The study focuses on their previously reported mouse type but decay faster. Since lower cytoplasmic Ca2
levels stop muscle contraction, the authors suggest thatmodel of dilated cardiomyopathy produced by knocking
out MLP, a two LIM domain protein that binds to despite the structural nature of MLP, its absence can
be overcome by enhancing the relaxation phase of the-actinin in the Z disc (Arber et al., 1997). Hearts from
MLP null mice appear normal at 2 weeks of age but cardiac cycle and thus decreasing wall strain that would
otherwise destroy muscle fiber tissue. Kinetic studiesdilate and display contractile dysfunction by 4 weeks.
Predilation cardiac tissue from these mice has provided of actively contracting null-MLP mouse heart muscle
would also help sort out the relative contribution of im-a model system to test the role of Z disc structure in
stretch mediated signaling. proved relaxation versus improved contraction in the
rescued phenotype. Given the complex structure of theA striking finding in the new paper is seen when neona-
tal cardiomyocytes from these mice are cultured on de- Z disc, it is likely that active contraction and passive
stretching exert different forces on an abnormal Z disc.formable membranes and stretched. Under these condi-
tions, the cells fail to upregulate brain natriuretic peptide Along these lines, the structural defect in the Z disc from
loss of MLP could be further evaluated by pulling on(BNP) and atrial natiuretic factor (ANF) mRNA, both reli-
able in vivo indicators of mechanical stress. Despite the the muscle in rigor (with no ATP and the myosin heads
not cycling but strongly attached to actin) before fixationuncoupling of this response from mechanical load, the
hormonally activated portion of the pathway remains for EM analysis.
The abnormal findings involving MLP and T-cap infunctional in the null MLP cells, since treatment with
endothelin or the -adrenergic agonist phenylephrine the mouse prompted the authors to search for naturally
occurring mutations in these genes within a populationtriggers BNP mRNA synthesis. In this report, T-cap and
MLP are shown to interact, and the authors observe the of patients with dilated cardiomyopathy from unknown
causes. DNA screening of more than 500 German pa-loss of T-cap from the Z discs of some muscle fibers in
the MLP null mouse heart. Consistent with this is the tients with well-characterized idiopathic dilated cardio-
myopathy disclosed 10 individuals with the same W4Rdetection of T-cap in the soluble fraction of homoge-
nates. These findings led the authors to hypothesize mutation in MLP due to a founder effect. An additional
individual was found with a T-cap, R87Q mutation. Boththat a titin/T-cap/MLP complex is critical to the sensing
of muscle length and that distortions of the architecture mutations interfere with the expected binding of T-cap
to MLP. These genetic findings reinforce the importantand associated structures uncouple the normal re-
sponse to stretch. Before cardiac dilation occurs, the role of a proposed titin/MLP/T-cap complex in cardiac
muscle structure/function.graph of passive tension versus stretch of papillary mus-
cles from MLP null mouse hearts shows an increased The idea that a complex of titin-associated proteins
located at the Z disc can detect and in some way initiatecompliance, implying a less-stiff spring element. Most
of the passive tension in muscle cells is due to titin and adaptive and/or maladaptive genetic programs that un-
fold over an extended time frame is an important con-it is known that different titin isoforms in a variety of
muscles yield a family of related but different passive cept. Certainly the finding that neonatal MLP null
cardiomyocytes do not respond to passive stretch withtension curves (Granzier and Labeit, 2002, and refer-
ences therein). Perhaps MLP ablation led to an alter- the usual “molecular markers” of strain is interesting.
The correction of a structural defect by removing a nor-nately spliced titin isoform. It would be interesting to
investigate how much of this aberrant passive tension mally functioning system via deletion of PLB is remark-
able and is similar to the selection of a suppressor phe-could be due to structural difference in the Z disc itself,
a structure that is largely devoid of the elastic elements notype that rescues a known defect. This could be the
basis of potential therapeutic interventions for heart fail-of titin and whether there is a distortion in the association
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Selected Readingure, using pharmaceuticals or gene transfer techniques
that alter PLB expression (Hoshijima et al., 2002).
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tion has been proposed (Frey et al., 2000). The cisternae
of the SR, with ryanodine receptors in close proximity
to the DHPR receptors of the T tubules, colocalize with
the Z discs. Calcineurin, a well-known mediator of hy-
pertrophy, is tethered at the Z disc by a member of the
calsarcin/FATZ/myozenin family that binds to -actinin
and T-cap (Faulkner et al., 2001). It would be an elegant
evolutionary trick to monitor local Ca2 signals at the
Z disc in order to activate or inactivate compensatory
pathways. There are other proteins, such as ArgBP2
that tether members of the c-Abl Tyrosine kinase family
to the Z disc in heart (Wang et al., 1997). Perhaps tyro-
sine phosphorylation signal transduction also partici-
pates in this process. There is even a nonmuscle myosin
located at the Z disc (Takeda et al., 2000), whose possi-
ble role is unknown. In the middle of the sarcomere, at
the M line, proteins such as MURF-1 and p94 are also
believed to participate in signaling (Clark et al., 2002).
The world of the Z disc is opening up and promises
more important discoveries. Indeed, it wouldn’t be much
of a stretch to expect a similar treasure in the M line at
the other end of the road.
